It has been demonstrated that it is possible to create laterally differentiated frictional patterning and threedimensional structures using the Atomic Force Microscope (AFM) probe on the surface of a soft elastic polymer, poly(dimethylsiloxane) (PDMS). The resulting effect of contact mode imaging at low loading forces (< 100 nN), observed in the lateral force mode revealed a homogeneous pattern on the PDMS surface exhibiting higher friction.
Introduction
Precise manipulation leading to laterally differentiated regions on polymeric materials is required for a range of applications/devices including confinement and separation of bio-species and array structures for multi-channel/multi-analyte biosensors. Likewise, it has been found that patterning of surfaces will hinder or promote adhesion of various chemistries/(bio)chemicals , Nicolau et al 1999 . While purposeful manipulation is currently taking place routinely on the µm-scale, it is now apparent that processes and devices will be evolving into the nm-regime. Micro-machining is now a well- Earlier studies have approached the problem from several perspectives, generally based on insight gained from unrelated materials (Hector et al 1998 , Schmid et al 1998 , Fang et al 2000 , Bhushan 2001 , Pickering and Vancso 1999 , Capella et al 2002 . A few studies (e.g., Elkaakour et al 1994 , Haugstad et al 1998 , Schmidt et al 1999 , 2003a , 2003b have investigated polymer materials scanned over reasonably small scan ranges (≤ 5×5 µm) with results showing the formation of polymer bundles (polymer material being collected into linear bundles (or clumps) parallel to the long axis of the lever) as a result of action by the AFM probe.
The principal objective in this paper is to develop an understanding of tip-induced manipulation of a relatively soft elastic polymer with a focus on the directional response of the AFM probe during manipulation. Poly(dimethylsiloxane), (PDMS), has been chosen as a model polymer as it is now routinely used in a wide range of patterning and bio-chemical isolation and biomedical applications (Xia et al 1998 , Kane et al 1999 , Brinkmann et al 2001 , Schnyder et al 2003 , Ikada 1994 , and has a multitude of potential applications including insulation and anti-fouling coatings (Kim et al 1999 , Hillborg and Gedde 1999 , Pike et al 1996 . It offers a range of useful physical, mechanical and chemical properties including transparency, surface hydrophobicity, constant and high ductility over a wide range of temperatures, low toxicity, high electrical resistance, long-term stability and flexibility (Olah et al 2005) .
Of particular relevance to this study is the use of PDMS in soft lithography. The fabrication and use of micro/nano stamps and fluidic channels using PDMS material has been demonstrated in a number of studies (e.g., Kane et al 1999 , Hu et al 1999 , Schueller et al 1999 , Deng et al 2002 . An investigation of tribological properties and the lithographic outcomes on PDMS surfaces via AFM manipulation will contribute greatly toward an understanding of responses by soft polymeric materials.
Experimental Section

Specimen materials
PDMS (Sylgard ® -184) was supplied by Dow Corning as a two part silicone elastomer. The base and curing agent were mixed at a 10:1 weight ratio, spin-coated onto atomically flat silicon wafer substrates and left to cure in an ambient environment (25°C and 55% relative humidity) for 48 hours prior to any analysis or manipulation. The average thickness of the polymer was ca. 3 µm determined using a profilometer (Tencor Alpha-Step 200) and the ThermoMicroscope Explorer. Typical properties of the polymer are presented in table 1 below. 
Probe
The probe consisted of a lever with an integral conical tip attached at its free end. The tip-to-surface point of contact defines the interaction volume, of molecular to micron size, from which information is extracted, (e.g., topography, strength of in-plane and out-of-plane forces, etc.) and through which purposeful manipulation is effected. In the context of AFM analysis many polymers can be considered as 'soft' objects; imposition of forces at the point of contact will cause deformation and indentation, and will lead to an increase in contact area. Accordingly it is necessary to use levers with low force constants (e.g.,
) in order to improve resolution and avoid unintended surface modification. Levers with higher force constants (e.g., k N ≥ 4 Nm -1 ) will allow surface manipulation to occur.
The characteristics of probes employed in the present study are listed in table 2. Beam-shaped levers (Ultrasharp NT-MDT) were used throughout the project in order to ensure that only simple bending modes needed to be considered. The data for radius of curvature at the tip apex, R Tip , aspect ratio of the tip, A r , and surface chemistry are summarized from the suppliers' specifications. The values of the force constant for normal deflection, k N , of individual probes were determined from the resonance method described by Cleveland et al (1993) , and the torsional, k T , and longitudinal, k L , force constants were calculated from the standard expressions for a long and thin lever, described by Gibson et al (1997) . 
Imaging and Manipulation
Under normal topographical imaging conditions, a characteristic of most SPM instruments is an 'overscan' along the fast scan direction (i.e., perpendicular to the long axis of the lever). The overscan is generated by the instrument scanning beyond a specified field of view (typically ca. 25%). Most instrumental software is programmed to omit (or cut out) this overscan prior to the formation of a computer generated topographical image. As a result, this overscan is generally ignored. This overscan feature is intended as a means of removing the static friction feature from images. Thus for 20×20 and 10×10 µm 2 fields of view there were 4 and 2.56 µm overscans, respectively, in the fast scan direction.
The overscan must be taken into account in this study due to the manipulation taking place along the entire fast scan trace. As a result the imaged areas are quoted as 24×20 µm 2 and 12.56×10 µm 2 . The outcome was then imaged over a larger field of view with a soft lever. The manipulation and imaging was carried out in the constant lever deflection mode where the loading forces described are the initial loading forces as the probe comes into contact with the surface and establishes feedback conditions, that is, snaps into contact and establishes an equilibrium prior to the commencement of scanning. Imaging of the manipulated regions on the polymer was carried out immediately after alteration (ca. 5 minutes) of the surface unless otherwise stated. Subsequent imaging after 1 week showed no discernable changes to the topography. 
Results and Discussion
Surface topography and tip indentation
Figure 2(a) shows a contact mode topographical image of a freshly spun PDMS surface in 3-dimensional representation. The image was obtained using a soft lever (probe 'A' defined in table 2) in order to evaluate the 'true' polymer surface topography with minimal surface alteration (initial loading force of < 20 nN). This was confirmed by repetitive scanning over the same region and imaging conditions, with minimal resolvable changes in topography, and also by scanning a larger field of view including the previously imaged regions. The resultant image showed no resolvable change in surface characteristics/relief and no build up of displaced material at the scan edges. The surface roughness for a 1×1 µm 2 region was 0.5 ± 0.1 nm. 
where F is the total force (lever deflection), α is the half angle of a conical tip, ∆z is the indentation, and where µ is Poisson's ratio (ratio of transverse to longitudinal strain of the material under stress).
Stick-slip in the slow scan direction
A freshly cured PDMS sample was raster scanned using the Discoverer instrument over a 24×20 µm 2 field of view, using a lever with a spring constant, k N , of ca. 2 Nm -1 (probe C in Table 2 ). The PDMS surface was rastered under conditions of moderately high (> 500 nN) force loadings in order to investigate the process of manipulation in greater detail. The field of view was generated by 600 scan lines (forward + reverse). The velocity in the fast scan direction was 125 µms -1 , and the raster over a field of 24×20 µm 2 was carried out in the constant lever deflection (with probe 'D'). The applied normal force was 950 nN and the fast scan direction (x-axis, 24 µm) was perpendicular to the long axis of the lever (see inset in figure 4 (a) ).
Contact and lateral force images of the scanned area were then obtained with a probe ('E' in table 2) having a force constant approximately 2 orders of magnitude less than that being used to manipulate the region, thus minimizing any further tip-induced alteration of the surface. The topographical image in figure 4 (a) shows a series of channels created during the manipulation cycle, while the lateral force image provides enhanced contrast and resolution due to the torsional response of the lever to in-plane forces arising from changes in slope and contact area. The series of similarly spaced discontinuities/channels along the slow scan direction shows that stick/slip is taking place during the manipulation process. The line profile along the slow scan direction (in figure 4(c) ), shows that the spacing, width and depth of the channels were in the range 1.9-2.1 µm, 0.4-0.6 µm and 160-260 nm, respectively. Since the timedependent position of the tip is quasi-static in comparison with any mechanical relaxation time of the polymer, it is clear that elastic recovery is taking place (the f-d data in figure 1(b) show that there is an indentation of ca. 800 nm at comparable force loadings).
At this point it is useful to compare tip motion during raster scanning on the PDMS with that for a 'standard' sample, that is, a hard incompressible surface. In the case of a hard surface e.g., silicon, movement of the stage in the fast or slow scan direction are mirrored by uniform tracking by the tip apex on the sample surface (for large stage movements of 10's of nm). The situation is different in the case of the PDMS surface, where the tip is being elastically restrained at a stick point/region. When lateral restraining forces exceed that of the opposing lever-imposed force, the tip will be confined to a stick region. From figure 4 (a) and (b), it can be seen that a movement of the stage of approximately 1.8 µm is required before the tip is released to the new equilibrium position. Thus at the start of the raster, the tip travels across the surface of the polymer in the fast scan direction and will presumably cause some polymer bond breakage, as well as plastic and elastic deformations. The tip remains in the channel during successive scans and displaces more polymeric material as the scanning continues, while being deflected in the direction of the slow scan, until a lateral force causes escape from the stick-region, and allows the next point of tip-polymer stability to be established. That is, the effective spring constant of lateral interaction exceeds the effective in-plane spring constant of the lever, when the tip is trapped, while the reverse is the case when it escapes in a discontinuous manner. Figure 4 (d) shows a diagrammatic representation of the manipulation event, where the tip begins its raster motion at point A moving towards point B (as illustrated in the inset whereby the raster motion proceeds from 1 to 3 within a single gray band (channel)), becoming 'stuck' within the broad horizontal bands representing one full stick cycle. As a consequence, only a small spatial region along the slow scan direction is imaged. As there will be significant polymer deformation during this process the stick region along the slow scan direction will be dragged along due to the longitudinal/buckling force imposed by the lever and displaced to the tip polymer contact region.
Stick-slip in the fast scan direction
In-plane forces acting along the long axis of the lever (giving rise to buckling) and 'normal' (bending) forces are both detected on the top-bottom segments of the photo-detector; thus it is difficult to decouple experimentally the contributions of these deformational modes of the lever along the slow scan direction.
However, the left-right segments of the photo-detector measure lateral forces imposed orthogonal to both the normal lever deflection forces and the long axis of the lever. The lateral twisting forces along the fast scan direction can therefore be monitored simultaneously and unambiguously with minimal cross-talk between the two signals. The repeat distance of stick-slip features in the fast scan direction is ca. 2.3 µm, figure 5(d). This is similar to the distances observed in the spacing between channels generated in the slow scan direction at similar 'normal' force loadings, figure 4(b). The lateral force response of the probe ('F' in table 2) along the two directions can be attributed to the corresponding force constants k T (220 Nm -1 ) and k L (145 Nm -1 ), which are similar in magnitude. (1) to (4) show the in-plane displacements of the stick points; 4.3, 6, 7, 9.7 µm, respectively.
Stick-slip dependence on the initial loading force
The friction loop data presented in figure 7 were plotted graphically (see figure 8 ) and revealed a linear dependence of the in-plane displacement on loading force. 
Conclusion
Stick-slip effects have been observed in previous AFM studies; these have, in most cases, been restricted to atomic and molecular scales , Mate et al 1987 , van den Oetelaar et al 1997 . In the case of AFM-based manipulation of polymers the focus has generally been on establishing the dependence on loading force , Garnaes et al 1994 , Ling et al 1998 , Fang et al 2000 , and/or temperature and number of rasters (Schmidt et al 1999 (Schmidt et al , 2003a (Schmidt et al , 2003b . The present results describe the response of the AFM probe when it is in dynamic contact with a soft elastic polymer surface by analysis of frictional loop data and lithographic outcomes.
Surface alteration has been correlated with the response of the probe to linear motion and to lateral forces imposed by the relaxing polymer. An explanatory model was constructed whereby the tip not only sticks and slips within the channel in the fast scan direction, but also from one channel to another, in the slow scan direction. The process was consistently reproduced with levers with a spring constant of >> 1 Nm -1 .
The paper also demonstrates the control of lithographic outcomes (patterning) e.g., channel spacing. It may be possible to incorporate this patterning process using an array of levers as opposed to a single beam. 
